Conventional physics laboratory courses generally include an emphasis on increasing students' ability to carry out data analysis according to scientific practice, in particular, those aspects that relate to measurement uncertainty. This study evaluates the efficacy of the conventional approach by analyzing the understanding of measurement of freshmen following the physics major sequence, i.e., top achievers, with regard to data collection, data processing, and data comparison, through pre-and postinstruction tests by using an established instrument. The findings show that the laboratory course improved the performance of the majority of students insofar as the more mechanical aspects of data collection and data processing were concerned. However, only about 20% of the cohort of physics majors exhibited a deeper understanding of measurement uncertainty required for data comparison.
I. INTRODUCTION
Physics laboratory courses are typically centered around a set of tried-and-tested laboratory experiments 1 that illustrate various physics phenomena introduced in lectures. Students are expected to conduct their own experimental measurements and practice the standard procedures for dealing with these data. 2 A considerable body of research has focused on the learning effect of such "conventional" introductory laboratory courses on students who do not take physics as a major. The findings show that these students who have completed conventional laboratory courses only have a rudimentary understanding of the nature of scientific measurement and uncertainty. For example, after completing such a course, students were able to differentiate by rote between different types of uncertainties ͑or "errors"͒ without showing an understanding of the implications for the quantity being measured ͑the measurand͒. 3, 4 Similarly, students were able to apply the routines for calculating means and standard deviations but were not able to interpret the spread in sets of repeated measurements. [5] [6] [7] In another example, at the end of their laboratory course, students described measurements as "approximate" when it was felt that mistakes had occurred during the measurement process. 8 Yet, the same students were able to apply rules of thumb for determining the uncertainty for a single measurement.
The understanding of the nature of scientific measurement has been given prominence in the descriptions of the goals of physics teaching by policy bodies such as the American Association of Physics Teachers. 9 Consequently, the understanding of measurement has been included in the assessable outcomes of school science as reflected in international comparative studies 10, 11 and inventories of essential aspects of scientific literacy constructed by panels of experts. 12 We have developed a comprehensive research program into the understanding of the nature of scientific measurement and uncertainty of physics students. [13] [14] [15] We have also looked at the effect of the explicit teaching of experimental tools and skills ͑as opposed to teaching for conceptual development͒ and the use of "authentic contexts" for laboratory experiments. 16 We reported that such teaching strategies considerably improved students' understanding of measurement, particularly in the areas of data collection and data processing, but less so for data comparison.
14 These results reflected improvements from a very low base of understanding for South African nonphysics majors from educationally disadvantaged backgrounds taking an extended physics foundation program. 16 In contrast to previous reports on students who were not typically physics majors, this paper focuses on students enrolled for the physics major course at the University of Cape Town, South Africa. We wish to address the assumption that the reported failure of fostering an understanding of measurement uncertainty may not apply for physics majors, i.e., students with the appropriate academic background and a keen interest in physics. A second difference with previous research work in this area is the fact that this study explores the effect of a conventional laboratory course rather than courses aimed at explicitly addressing issues related to measurement. Again, the assumption could well be that students who take the physics major sequence may not need such extra attention and will develop an appropriate understanding of uncertainty in a traditional laboratory course.
II. PURPOSE OF THIS STUDY
This study investigates the understanding of the nature of scientific measurement of a group of South African students following the physics major sequence, before and after a conventional introductory laboratory course, described below. In particular, the following questions guided the research project.
͑1͒ What is the understanding of scientific measurement and uncertainty of the physics major students, before the laboratory course, in the areas of data collection, data processing, and data comparison?
͑2͒ What are the changes in the understanding of the students in these three areas after completing the laboratory course?
III. CONVENTIONAL LABORATORY CURRICULUM
The introductory laboratory course at the University of Cape Town consisted of a series of 12 laboratory experiments, each of 3 h duration, that were spread over the academic year of 24 weeks. Each experiment was closely related to the theory that was being covered in lectures at the time. The majority of experiments involved either verifying various laws ͑e.g., Newton's second law and Boyle's law͒, measuring particular "constants" ͑e.g., freefall experiment to verify g and simple harmonic motion to measure the force constant 'k'͒, or learning to use and becoming familiar with laboratory apparatus ͑e.g., the multimeter and the oscilloscope͒. The students worked from a laboratory manual that contained instructions for carrying out each experiment, as well as descriptions of various apparatus, data analysis procedures, and conventions for writing up a laboratory report. Throughout the year, the students worked in pairs under the guidance of roving teaching assistants ͑TAs͒, who also graded the work by awarding an impression mark on a ten point scale at the end of each session. At the start of each laboratory afternoon, TAs gave students a short presentation in which they briefly outlined the main ideas of the experiment to be carried out and provided feedback from previous experiments. In addition, the laboratory course included two end-of-semester laboratory examinations in which an experiment ͑known to the students a week before the time͒ was individually carried out.
The first two weeks of the course were dedicated to the development of various experimental skills, including the use of measuring apparatus such as the Vernier calipers, micrometer screw gauge, counting apparatus, etc. The first two sessions also included lectures on experimental techniques, measurement, and uncertainty ͑following the approach as detailed in Taylor, 2 for example͒ and laboratory report writing. An exercise involving radioactive decay formed the basis for introducing ideas about random fluctuations and the normal ͑Gaussian͒ distribution. Rules of thumb were introduced to deal with specific measurement situations such as the "leastcount" method of reporting the "error" for a single measurement. In particular, the idea of "significant figures" played a central role throughout. Uncertainty estimates were expected to accompany calculations based on measured data in all the experiments that were carried out.
IV. STUDENT COHORT
The particular cohort of students in this study may be generally characterized as having experienced good science teaching at school, including involvement in hands-on practical experiments. The analysis was based on responses from 53 students who participated in both pre-and postinstruction tests. As is frequently the case for physics major courses, the majority of the students ͑in this cohort, almost three quarters͒ were male.
V. METHODOLOGY
The research instrument before the course comprised a set of six written probes ͑questionnaire items͒. These items were deliberately taken to be identical to those used in previous studies [5] [6] [7] [13] [14] [15] since they had been independently validated 17 for appropriate content and language and, most importantly, since this strategy allowed valid comparisons with outcomes of previous studies with nonphysics major students ͑see the Appendix for a brief explanation of the notation used to describe the probes as well as for the full text of all probes͒. Two probes ͑RD and RDA͒ dealt with the reasons for repeating measurements, thus covering the students' understanding of measurement in the area of data collection. Two probes ͑UR and SLG͒ surveyed students' ideas of measurement in the area of data processing, both numerically and graphically. The last two probes ͑SMDS and DMSS͒ dealt with measurement in the area of data comparison, focusing on the quality and comparability of data sets. The postinstruction probes were identical apart from the addition of two further data comparison probes ͑DMOS and DMSU͒. The DMOS probe is a variation of DMSS, while DMSU uses aspects of the formalism for comparing two sets of repeated measurements introduced in the laboratory course. Each probe presented a situation where a measurement decision was necessary and offered a number of alternative actions from which a choice was required. The reason for choosing a particular action was then requested in written form. Decisions that lead to actions are difficult to explore through written probes since respondents often have difficulty in visualizing "thought experiments." In order to minimize this problem, all the probes were related to the same experimental context ͑see Fig. 1͒ . A large-scale version of the apparatus, a ramp with a horizontal edge and a ball, was also used to demonstrate the "experiment" before the probes were answered individually, in strict sequence and under examination conditions.
In the analysis, student responses were categorized according to the answer choice ͑A, B, or C͒ together with the different types of reasoning evidenced in the justification for this choice. The coding of the responses was undertaken expanding an alphanumeric scheme, which had been developed and validated previously. [13] [14] [15] By using the expanded coding scheme, individual code assignment by the four researchers involved in the project yielded high levels of agreement ͑ Ͼ 90% ͒. After discussion and refining of the coding scheme, full agreement was achieved on assigned codes. Since the students in this cohort were largely first-language English speakers, they were expected to understand the probe questions and clearly express their views in written form.
Each response was classified according to whether or not the declared idea was compatible with the point paradigm or the set paradigm. 14 The key notion of the point paradigm is that data are treated in a local realistic manner. Conclusions about the measurand directly follow from a selected datum that then represents the "true" value of the measurand. In general, a deviation from an expected result is seen as being due to environmental factors or experimenter mistakes. In cases where observations have been repeated, the dispersion is considered a result of the same influences: varying environmental influences or mistakes by the experimenter. In contrast, the key idea of the set paradigm is that each datum provides incomplete information about the measurand and that the best value of the measurand is obtained by combining the data at hand into a single ͑theoretical͒ quantity. The set paradigm is in line with the accepted view of scientific measurement, in which each reading is regarded as an approximation of the measurand. This view acknowledges that, in principle, knowledge about the measurand cannot be complete. All available readings are used together to construct the best approximation of the measurand together with an interval of uncertainty. Each student was then labeled according to one of three categories ͑consistent point reasoning, mixed reasoning, and consistent set reasoning͒ depending on whether their reasoning was consistent across the subset of probes relating to a specific area of measurement ͑data collection, data processing, or data set comparison͒.
VI. RESULTS
The results of the study are summarized in a series of tables below that show prepost frequencies based on the three categories: consistent point reasoning, mixed reasoning, and consistent set reasoning. Each category contains a wide range of responses, a small subset of which is illustrated by the quotes that lead up to each table. We present the results for the sample in the tables followed by a brief statistical analysis at the end of the section.
A. Students' ideas about the nature of scientific measurement when collecting data
Two probes ͑RD and RDA͒ explored students' ideas about measurement in the area of data collection. In one scenario, a group of students had collected one reading of the distance the ball moved from the table, and respondents were asked to justify if and why they needed to repeat the distance measurement ͑the RD probe͒. The RDA probe presented two different readings and students needed to justify if and why they needed to repeat the distance measurement again.
The two quotes below show examples of students who used point reasoning to guide their engagement with the task. "It's useless to re-drop the ball from the same height if we already know that d is independent of h, because we dropped the ball under exactly the same conditions of speed ͑since we didn't push the ball͒ and friction ͑we used same room͒." ͑RDA response͒ "To release the ball a third time it would help to see which of the measurement is out when the ball is released for the third time." ͑RDA response͒
The two quotes below show reasoning that is consistent with the set paradigm but the justification for the stated action differs. The first quote articulates the idea of approaching a "true value" as the reason for collecting as many data as possible, while the second quote attributes physical effects to the spread. "If you take a number of results it is possible to find an average and therefore get a result closer to the true value." ͑RD response͒ "One should always take as many measurements as possible and then calculate a mean value and associated standard deviation. In this experiment, it is particularly important to take many readings as the trajectory of the ball can be influenced by many things." ͑RD response͒ Table I summarizes the students' views of measurement for the two data collection probes.
The data in Table I show that 70% of the students in the sample provided responses for both probes that were com- patible with the set paradigm prior to the laboratory course. In particular, students stated that more than one reading would be required in order to be able to calculate a mean. This included students who argued that calculating a mean would depend on whether or not there was scatter in the data. One in eight students ͑13%͒ consistently used point reasoning for both probes, while an equal fraction ͑one in eight͒ used reasoning associated with a different paradigm for each of the two probes, respectively. The use of both paradigms in this way is referred to as "mixed" in the tables. After instruction, almost all the students in the sample ͑98%͒ provided reasons that could be regarded as being consistent with the set paradigm. This is not surprising as the instructions that accompanied the experiments that were carried out throughout the year emphasized the repeating of measurements. It was notable that after completion of the course, nearly a third of the students explicitly linked repeating measurements to the "uncertainty" or "standard deviation" in the result, whereas fewer than 4% did so on entry. On the surface, therefore, these students appeared to recognize that the spread in a data set is an integral component of obtaining a measurement result.
B. Students' ideas about the nature of scientific measurement when processing data
Student reasoning about measurement in the area of data processing was explored through two probes ͑UR and SLG͒. In the UR probe, a set of data was presented and students were asked what they would write down to represent the data set. The SLG probe required a trend line to be drawn on a set of covariant data.
Few responses for the UR probe indicated point reasoning. The quote below is a good example of student reasoning vacillating between the two different paradigms when deciding on a representative value from a set of readings. "The 2nd release and 4th release agree or we can find a mean value by adding all the distances and dividing by 5."
On the other hand, a student who appeared to have adopted set reasoning more completely stated the following: "This is the average of the releases. Although this exact result has not been observed, it is likely that after a large number of trials we would see that most results fall within a certain range of this "true" value."
Some examples of how students dealt with representing a set of discrete data with an idealized curve are shown below. The first two examples are indicative of actions that follow from a point paradigm view, while the second two show different outcomes when performing the analysis from a set perspective.
"All points I have joined by a flexible line which is not necessarily straight because the change in time from point to point is not the same as the distances are also not the same. This is because of the variation in the intervals of distance and also of time." "The graph that should be obtained is a straight line and the best thing to do is to join as many points as possible and in this case the maximum I can join to fit a straight line is three which I have joined." "The line has been drawn in such a manner that it encapsulates all the data and does not omit anything. The line has been drawn in relation to the general average result and thus does not pass through all the points. It is drawn in this way so that you can easily access the general average result in relation to the time." "The line drawn has been drawn in like an 'average' of all the points plotted, even though it does not go through any of the points, it is the line whose gradient will give the best representation of the results obtained." Table II displays the frequencies of the students' reasoning, when asked to process data sets, numerically and graphically, in terms of how consistently their responses were commensurate with the point or set paradigms.
The data in Table II show that set reasoning substantially increased for both data processing probes after the completion of the laboratory course ͑91% of the sample͒. None of the students used only point reasoning after the laboratory course. Thus, after instruction, over three quarters of the students that used mixed reasoning on entry ͑19% of the sample͒ shifted to using set reasoning. It is interesting to note that five students ͑9% of the sample͒ continued to use point reasoning for generating a curve to a collection of covarying graphical data while calculating a mean for the set of repeated ͑numerical͒ readings.
C. Students' ideas about the nature of scientific measurement when comparing data sets
Student views on measurement when comparing data sets were investigated by a series of probes that involved making a decision as to whether the data sets presented were in agreement or not ͑SMDS, DMSS, and DMOS͒. Two probes ͑SMDS and DMSS͒ were used prior to instruction, while an additional probe ͑DMOS͒ was used after the laboratory course. The SMDS probe involved a comparison of two sets of data, which had identical means but different spreads. For the DMSS probe, the data were such that the means were different but were spread over nearly identical intervals. In addition, the means of both sets of data fell within each other's range. The third probe ͑DMOS͒ comprised data sets in which the means and the spreads differed but there was a partial overlap of the ranges. However, the mean of one data set fell outside the range of the other for this probe.
The quotes below show some of the ways that students reasoned about the agreement of data. These ranged from focusing on either the readings or the means being the same ͑point paradigm͒ to using the overlap of intervals to make the decision ͑set paradigm͒. "The two results don't agree in that they have different answers. To agree, they should have exactly the same readings/answer." ͑DMSS response͒ "The average for both groups differ hence they do not agree with the other, even though their average is in the same vicinity of the other group's measurements." ͑DMSS response͒ "Group A obtained answers between 422 and 440, B between 426 and 444. These ranges overlap. When the values for d are expressed as an interval, i.e., mean Ϯ standard deviation, the two groups' answers will probably still coincide." ͑DMSS response͒ Table III shows the frequencies of students' reasoning before and after instruction. Only students who consistently used set reasoning when answering all the data set comparison probes were classified as "consistent set reasoning."
Prior to instruction, about a third of the students in the sample used point reasoning for both the SMDS and DMSS probes. The remaining two-thirds used reasoning associated with the set paradigm for only one of the two probes ͑mixed reasoning in Table III͒ . Closer inspection revealed that almost all of these students recognized that the degree of spread in a data set is indicative of measurement quality, as demonstrated in their responses to the SMDS probe but focused only on the individual readings or the means of the data sets when deciding whether two data sets agreed for the DMSS probe. More than 80% of the students who used mixed reasoning prior to instruction continued to do so after instruction. Of the 34 students who were categorized as using consistent point reasoning before the course, only 8 ͑24% of this group͒ students ended up in the consistent set reasoning category. In summary, only ten students ͑19% of the sample͒ consistently used reasoning associated with the set paradigm after the laboratory course. These data also show that the shift observed for students adopting consistent set reasoning was small when compared to the shifts indicated for data collection and data processing.
One of the observations that has been made in previous studies has been that students appear to be able to answer questions that are more "formally" posed but that these responses cannot be used to gauge the degree of understanding of the concepts involved. Table IV contrasts individual students' reasoning for answering a "formal" question where numerical values for a mean and standard deviation are presented ͑probe DMSU͒, compared with a student classification based on their reasoning in all three areas, i.e., data collection, data processing, and data set comparison ͑as described earlier͒. Students were classified as consistent set reasoners if their responses across probes were consistent with the set paradigm, in each of the three areas of measurement. Thus, Table IV can be interpreted as showing the relationship between the algorithmic aspects of the set reasoning ͑"formal probe"͒ versus an understanding of the set paradigm ͑student classification͒.
From Table IV , it is clear that even though 58% of the students in the sample used set reasoning when presented with data in the formal manner, less than a third of this group ͑17% of the sample͒ were consistently classified as reasoning in terms of the set paradigm. This indicates that students who are able to use the formalism correctly do not necessarily have a deep understanding of the nature of uncertainty.
The results shown in the tables are exact for the sample in question. We present a brief statistical analysis, for the purpose of further generalization, by comparing the proportions of students who consistently used set reasoning before and after instruction ͑Tables I-III͒ and set reasoning after instruction ͑Table IV͒. These proportions are shown in Table V below together with their 95% confidence intervals. summarizes the data in graphical form. We also formally tested whether the proportions significantly differed. This calculation has to take into account that the probes are applied to the same group of students before and after instruction and, hence, the results are not independent. Thus, McNemar's test 18 for matched binomial proportions was used as an appropriate procedure. The resulting p values are indicated in Table V .
The analysis shows that in cases I-III, comparing pre-and postresponses, the observed differences between the proportions are significant ͑p = 0.000 06, 0.001, and 0.002, respectively͒. However, only in cases I and II, where the preinstruction proportions are already high, would the improvements be regarded as pedagogically acceptable. In case III, the pedagogical outcome is not successful given the actual postinstruction proportions spanned by the 95% confidence interval in question ͑9%-32%͒. In case IV, the observed difference in the proportion of students who were able to apply the rules of the formalism ͑for comparing data sets͒, compared with the proportion classified as consistent set reasoners ͑on the basis of all the previous probes͒, is significant ͑p = 0.000 006͒.
VII. DISCUSSION AND CONCLUSIONS

A. Summary of results from this study
We have explored the understanding of measurement held by prospective physics majors. Before any instruction, our observations showed that two out of three students provided responses, which were associated with the set paradigm in probes dealing with collecting and processing measurement data. However, none of these students consistently used set reasoning when comparing data sets. A conventional laboratory course was successful in consolidating and improving the students' understanding of measurement for data collection and data processing: virtually, all students in the sample consistently used set reasoning after the course in these two areas, an improvement which is statistically and pedagogically significant. However, after this course, only 19% of the sample provided responses associated with the set paradigm to probes dealing with data comparison, an increase which is statistically significant but not pedagogically acceptable. The conclusion may therefore be drawn that the strategies used in the conventional introductory laboratory course were unsuccessful in improving the students' understanding of uncertainty beyond the appropriation of the numerical routines.
This conclusion is borne out by the emergence of overall "mixed reasoners." In the probes dealing with data collection and data processing, questions dealing with procedures such as repeating the measurement several times, calculating a mean, etc., are easily answered by rote, i.e., students in the mixed reasoning group were using the surface features 19 of the set paradigm. Thus, rather than having made sense of the data analysis framework as a whole, they have learnt to strategically use certain algorithms. This is consistent with the observation that more than half of the students who used mixed reasoning after instruction explicitly referred to the formal constructs of standard deviation and/or uncertainty in their written responses. Thus, if we were to rely on the traditional forms of assessment, we would conclude that about three-fifths of the students had mastered the data analysis aspects of the laboratory course. However, our findings show that a very much smaller proportion of the students ͑one-fifth͒ demonstrated a coherent understanding of the nature of measurement uncertainty.
Formulating student understanding of scientific measurement in terms of the point and set paradigms has been shown to be a useful tool in a number of research programs to TABLE V. Statistical analysis of proportions of students using set reasoning consistently. The numbers in parentheses define 95% confidence intervals. Tables I-IV using consistent  set reasoning. For Tables I-III, date. [5] [6] [7] [13] [14] [15] We wish, however, to emphasize that the "point" categorization of a student is not meant to be pejorative, nor should it be used to identify "student misconceptions" regarding measurement. Our view is that student responses are framed by the perceived task and that "pieces of knowledge" 20 are activated by the context that is presented. In turn, the way in which students frame a task depends on previous experience and on whether or not prior learning has allowed students to make sense of the situation or whether they have the appropriate mental models in place.
B. Comparison with results from other studies
The results from the present study may be compared with a previous study 14 at the University of Cape Town with a group of nonphysics majors. Since the latter typically had little or no prior laboratory experience from school, the introductory physics laboratory course, 16 which these students completed, therefore contained additional activities that were designed to expose the students to apparatus and develop basic measurement skills. However, the course dealt with measurement uncertainty in the same way as the course described in the present study, and both cohorts of students completed similar data analysis tasks. It was found that about 40% of the nonphysics majors gave responses classified as being consistent with the set paradigm after instruction in the areas of data collection and data processing, with another 40% being classified as mixed reasoners. This contrasts with the present study in which over 90% of the physics majors were classified as set reasoners in these two areas. However, the proportions of students, whose postinstruction reasoning in the area of data set comparison were classified according to the set paradigm, were found to be nearly identical in the present study ͑19%͒ and the previous study ͑21%͒. This suggests that the assumption that students with high levels of interest in physics and adequate schooling backgrounds do better in developing an appropriate understanding of measurement uncertainty appears to be unfounded.
Recently, a number of studies into the effect of innovative laboratory curricula on students' understanding of experimentation and measurement have been reported. [5] [6] [7] [21] [22] [23] The Scientific Community Laboratories ͑SCL͒ 5,21 are conceptbased laboratory activities developed at the University of Maryland, with components structured around increasingly complex concepts of measurement. The course starts with an open-ended exercise aimed at strengthening students' ability to distinguish between descriptive tasks ͑summarizing data͒ and predictive tasks ͑using the data to extrapolate͒. Subsequent exercises explicitly address the purpose of multiple measurements, the use of range overlap, and systematic versus random mechanisms. The latter laboratory exercises help students to estimate uncertainties for a variety of experiments and to develop ways of thinking about discrepancies between measured results and theory.
The Investigative Science Learning Environment ͑ISLE͒ 22, 23 at Rutgers University provides students with laboratory experiences aimed at improving their "process skills." Several of these skills, which reflect scientific practice, depend on a good understanding of measurement and uncertainty. The ISLE program is organized around three types of experiments. Observational experiments require students to investigate new phenomena, collect and analyze their own data, and look for patterns leading to the formulation of hypotheses. In testing experiments, students make predictions about the outcomes of experimental investigations based on hypotheses derived from their physics knowledge and then design experimental procedures to test the hypotheses. Application experiments require students to solve authentic problems and determine unknown quantities. In all three experiment types, an understanding of the quality of the data collected and the experimental procedures used is emphasized.
The effectiveness of the teaching strategies used with nonphysics majors in these laboratory courses has been reported. 21, 23 The evaluation of the course at the University of Maryland 21 indicated increases in the number of students that exhibit an understanding of measurement uncertainty but this amounted to fewer than half of the participating students. The evaluation of the ISLE teaching strategies at Rutgers University 23 showed that changes in students' ability to evaluate experimental uncertainties were not significant. Thus, in general, the results of these studies together with those of others 6, 7 suggest that students leave introductory physics laboratory courses with an ability to carry out certain procedures but lack a coherent understanding of the nature of uncertainty, irrespective of the student profile, or the way in which the laboratory course was delivered. This raises the question as to why students arrive at a university with a view of scientific measurement that is typically described by the point paradigm and which is not significantly altered by present forms of the introductory physics laboratory course.
C. Consequences and recommendations for course design
The experience of measurement is rooted in everyday life where the terms approximate and "exact" are often used loosely and related to the notion of "good enough for this purpose." The precision required in everyday measurement strongly depends on the context. For example, weighing out flour when baking a cake is not as critical as measuring the dose of a baby's medication. Hence, it is likely that a student's view of the nature of science as an exact enterprise is responsible for a view of the nature of scientific measurement as the pursuit of exact results. Our findings in this area 24 have suggested that a student's view of the nature of science does, indeed, have a bearing on his or her view of the nature of scientific measurement. In support of this view, Séré et al. 25 presented students with measurements in different science disciplines ͑biology and physics͒ and in everyday situations. They found that students used different epistemologies and ontologies of the nature of science for processing the data in the various contexts. The notion of an epistemology of the nature of measurement, as distinct from an epistemology of the nature of science, is introduced. Before instruction, many students believe that uncertainty in measurement can be reduced to zero. Furthermore, even in situations where conceptual understanding of measurement and uncertainty has been strongly emphasized in the curriculum, it has been repeatedly found that, apart from the few remaining consistent point reasoners, most students display competence in the numerical tools of data analysis, but few are able to conceptually reason.
We have previously argued 26 that one of the key stumbling blocks in the path of understanding is the statistical formalism of data analysis used in most introductory laboratory courses that relies on analyzing data in terms of frequencies ͑and is hence often termed "frequentist" 2 ͒. In contrast, the probabilistic interpretation of measurement as advocated by the international bodies for metrology 27, 28 results in a framework in which the interpretation of uncertainty is clearer and more tangible and provides a coherent way for evaluating uncertainties of single and multiple measurements. 29 In addition, the scheme equally applies when treating different sources of uncertainty, obviating the need for ad hoc prescriptions and rules of thumb. 26 In the frequentist framework, it is usually assumed that observations of the measurand are randomly scattered around a "true" value. Thus, the true value of the measurand is considered to have no uncertainty associated with it: the data themselves are regarded as being "uncertain." In contrast, in the probabilistic framework, the data are regarded as the manifestations of the phenomenon and are treated as constants, while it is the inference that is made about the measurand, which has a degree of uncertainty associated with it. In other words, what we may conclude about the measurand must necessarily be incomplete since our knowledge about the measurand is always based on a finite data set. The measure of the degree of incompleteness of information about the measurand is provided by the uncertainty parameter.
We have designed and implemented a course 30 based on the probabilistic framework of metrology, which provides opportunities for students to explore the nature of uncertainty in measurement through activities that challenge notions of measurement yielding an exact ͑pointlike͒ result. For example, students are asked to read both analog and digital scales of increasing sensitivity. Reading analog scales always requires judgment on the part of the observer and hence results in imperfect knowledge. A digital instrument can always be designed to display further digits in principle but not in practice; hence, the inference from a digital display is an interval centered around the digit displayed. In both cases, students come to realize that even in the absence of all other forms of uncertainty, the inference that follows from reading an instrument will always result in an interval, not a point. The course starts with students having to list all the factors that they think might have influenced their measurements and qualitatively estimate the effect of these factors. This provides opportunities to consider these factors and to discuss how these influences can be modeled, which culminates in the numerical description of uncertainty. One of the features of the probabilistic approach is that it provides a consistent framework for estimating uncertainties for both single and repeated observations where the data are dispersed. Finally, the measurement result is interpreted as a statement of the available knowledge or information about the measurand, an approach which we believe provides persuasive pedagogic opportunities. We have avoided the term error, as suggested by the international bodies for metrology, 27, 28 but more importantly, we have tried to have students engage with the concepts and ideas before attaching terms to them.
D. Conclusion
In conclusion, it is clear that at this introductory physics level, an appropriate understanding of scientific measurement depends critically on an appropriate understanding of the nature of uncertainty in measurement. Conversely, it may be argued that the introductory physics laboratory course should be designed so as to explicitly develop a conceptual understanding of uncertainty and not only teach the mathematical calculations used to quantify uncertainty. However, the results of the present work, and others, suggest that innovative laboratory curricula that provide a range of hands-on activities that expose the nature of measurement uncertainty will only be partially successful in developing an appropriate understanding of uncertainty, which underpins scientific measurement. The reporting of scientific measurement, as a form of scientific evidence, requires that the degree of the knowledge be communicated ͑in the form of a numerical uncertainty͒ in a consistent way. The conceptual underpinnings that allow these numerical estimates of uncertainties to be generated should therefore also form part of the introductory physics laboratory. We suggest that the statistical formalism that forms part of most laboratory curricula be examined for logical and pedagogical consistencies and that the probabilistic framework be considered as a viable alternative. As with any other aspect of physics teaching and learning, it is possible for students to navigate their way through their laboratory course by relying on surface ͑rote͒ learning of procedures unless students have opportunities to discover that their mental models of scientific measurement may not necessarily be appropriate in the scientific context. A recent evaluation 31 of our course based on the probabilistic framework has shown that we have been significantly more successful in the development of an appropriate conceptual framework of uncertainty in scientific measurement.
